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Introduction
Composite materials are widely used in many applications in many fields, such as aerospace, aviation ( Fig. 1.) , marine, automotive, industry, medicine, sport and many others. Different mechanical properties of each compound in composite material cause challenges in its machining. Recommended machining parameters for hard and strong materials such as reinforcing fibre are different from the machining parameters for soft and tough materials such as matrix. That means, the machining parameters proper for one compound may be improper for other compounds. Improper machining parameters could cause melting of the matrix, tearing out the fibres, edge-chipping of the composite, rapid tool wear, formation of build-up-edges (BUE), etc. [1, 2] Different attitudes have been suggested to solve the problems, one of them being enchanting of the cutting tool geometry and design. Newly developed cutting tools for machining composite materials are typical by unusual shape. They could have additional notches on the teeth, and/or arrow shaped double screw, or pineapple-like shape, as is shown in Fig. 2 . Another attitude is focused on advanced coatings, such as diamond or DLC (diamond like carbon) coated cutting tools. Another way to improve machining of composite materials is ultrasonic assistance. Ultrasound avoids creation of BUE, reduces cutting force and process heat. Resultant cutting parameters are still affected by the type of matrix and the type of reinforcing material. Also, different cutting parameters will be set for roughing and finishing [3, 4, 5, 6, 7, 8, 9, 10] . 
Machining method
A machine tool for rotary ultrasonic machining (RUM) was applied in this experiment. RUM usually utilize ultrasonic tool with diamond particles and undefined geometry. This tool rotates around the vertical axis and oscillates by ultrasonic frequency in vertical direction. Accordingly, very hard and brittle materials (such as ceramics) can be machined. When a tool with defined geometry (e.g. conventional milling cutter) is applied, the process is called ultrasonic assisted machining (UAM). RUM and UAM have a lot of common advantages, such as decrease of cutting force, reduction of heat generation, elimination of BUE formation, superior machined surface, increased tool life, etc. Generally, RUM is proper for the hard and brittle materials (such as optic glass), while UAM is proper for the soft and tough materials (such as metals and polymers). RUM and UAM execute similar movements, and therefore they could be usually performed on the same machine tool.
In this experiment, rotary ultrasonic milling machine DMG ULTRASONIC 20 linear (Fig. 3. ) was used. This machine tool can operate continuously in five axes and it can operate as a conventional milling machine, high speed cutting machine, high feed milling machine, ultrasonic assisted milling machine and rotary ultrasonic milling machine. It is therefore able to machine almost every material [12, 13, 14] . GFRP material was provided by the Slovak company Armastek. Producer determine following mechanical properties: modulus of elasticity 21 GPa, tensile strength 190 MPa, yield strength 140 MPa, density 1850 kg.m -3 . The specimen was of a rod shape with rectangular section with filled edges with the dimensions 40 x 30 mm. Fibre orientation was parallel with the axis of the rod. The following cutting conditions were set up for every experiment, according to the SECO catalogue: cutting speed 50 m/min (spindle speed 3183 rpm), feed per tooth 0.015 mm (feed rate 382 mm/min) and depth of cut 0.7 mm. During ultrasonic machining, it is recommended to use harmonic frequency of the tool which was 23,500 Hz.
CFRP materials were provided by the Czech company Sanax (type S & M). Producer determine following mechanical properties: modulus of elasticity 170 GPa, tensile strength 3000 MPa, elongation 1.3 %, density 1550 kg.m -3 for type S and modulus of elasticity 210 GPa, tensile strength 2480 MPa, elongation 1.1 %, density 1550 kg.m -3 for type M. The specimens were a plate shape with the dimensions of 50 x 180 x 1.4 mm. The following cutting conditions were set up, according to the also SECO catalogue: cutting speed 100 m/min (spindle speed 6366 rpm), feed per tooth 0.015 mm (feed rate 764 mm/min) and depth of cut 0.7 mm. During ultrasonic machining, it is recommended to use harmonic frequency of the tool which was 23,500 Hz (the same cutting tool was used in all experiments) [19] .
Eight notches were manufactured into GFRP. Two notches are parallel with the fibres, two notches were perpendicular to fibres. They were placed on the lateral surface of the rod. On the base surface four notches to the previous ones were placed. Half of the notches were machined without ultrasonic assistance and the rest of them with assistance of ultrasound. The notches were 1.4 mm deep. After machining, the specimen was digitised by GOM ATOS II TripleScan. Its precision is 0.02 mm. This device, as well as specimen prepared for 3D scanning are shown in Fig. 6 . Fig. 6 . Scanning device and prepared specimen Eight notches were performed into each CFRP as well. Two notches were parallel with the fibres, two notches were perpendicular to the fibres. They were placed on the biggest surface of the rod. On the edges of CFRP, four notches to the previous ones were placed. Half of the notches were machined without ultrasonic assistance and the rest of them with the assistance of ultrasound. The notches were 0.7 mm deep. After machining, the specimens were digitized by Zeiss Metrotom 1500 computer tomography. The device, as well as its result of digitization are shown in Digitised models were compared with the original CAD model. Delamination was evaluated as the highest width of each notch (original width was 5 mm). Beside delamination, the machine load (in Z direction) and surface roughness were also evaluated (they are often connected with delamination itself). Machine load was obtained directly by the machine tool. Surface roughness was measured by ZEISS Surfcom 5000, which is shown in Fig. 8 .
Fig. 8. Surface roughness measuring device [21]

Results of the experiment
Several factors of the delamination were obtained and evaluated, such as delamination width, machine tool load and surface roughness of composite materials. They were achieved for each machined notch. Labelling of the notches in GFRP is shown in Fig. 9 . The green ones (letter "a") were machined without ultrasound. The blue ones (letter "b") were machined with ultrasonic assistance. Direction of the fibres is parallel with the groove numbered 2. Fig. 9 . Labeling of the notches Labelling of the notches in CFRP is shown in Fig. 10 . An extra notch (continuous one) was produced for easier determination of position. The green ones (letter "a") were machined without ultrasound. The blue ones (letter "b") were machined with ultrasonic assistance. Direction of the fibres is parallel with the grooves numbered 1 and 4. Results of the measurements are summarized in Tables 1, 2 and 3 . Recorded are only average values (each measurement was repeated three times). In the Table, machine tool load (represent cutting force) in Z direction is labelled as Load Z, and it is the percentage of the maximum available load of the machine tool, measured directly by the machine tool. Delamination factor is labelled as Df and it is the percentage difference between the recommended width of the notch and the real width of the notch. It is expressed in Fig. 11 . and by formula (1). As roughness parameters, its average (Ra) and maximum (Rz) values were chosen. Fig. 11 . Delamination of the notch Turquoise colour represents recommended width of the notch (W) and brown colour represent the real (maximum) width of the notch (W max ). According Fig. 11 . is possible to calculate delamination factor by following formula: Value of width of the delamination less than 0.2 % means, that there is present delamination lesser than accuracy of the digitization device. Therefore, it cannot be calculated (it looks like there is no delamination). Table 3 . Results of the measurements for CFRP type M
GFRP
CFRP-S
Conclusion
The obtained results allow us to conclude that ultrasonic assistance has a great influence on the reduction of machine tool load (decreasing by approx. 44 % for GFRP and decrease by approx. 60 % for CFRP-S and 44 % for CFRP-M). The surface roughness parameters were not significantly affected. Width of the delamination was also very similar (elevation by approx. 16 % for GFRP and reduction by approx. 11 % for CFRP-S and 2% for CFRP-M). Generally, during machining of GFRP was achieved lower machine load, lower delamination and higher surface roughness in comparison with machining of CFRP. During machining of CFRP-M (the one with lower tensile strength and higher modulus of elasticity) was achieved higher machine load, lower delamination and lower surface roughness in comparison with CFRP-S. Relatively low ultrasonic influence on delamination and surface roughness parameters could be caused by relatively low amplitude (tool was not directly manufactured for ultrasonic assistance -absence of concentrator). We also observed much lower delamination on the base surface of the GFRP rod and on the edge surface parallel to the fibres direction of the CFRP plate. On the lateral surface of GFRP was observed lower delamination at machining in direction of the fibres.
To sum up, ultrasonic assistance is proper especially in terms of decreasing of the machine tool load. Lower machine load allows usage of higher depth of cut and feed rate (increased material removal rate). It means, UAM allows increasing productivity even when common (cheap) cutting tool is used. If a tool will be designed for ultrasonic assistance, its improvement could be even greater. Results of unwanted delamination (edge-chipping of workpiece) could be applied in wanted cutting edge preparation (edge-chipping of tool). Further research will be focused on the determination of influence of ultrasonic assistance on different composite materials, such as metal matrix composite, or ceramic matrix composite, as well as sintered carbide for application as cutting tool with edge preparation.
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